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DEPENDENCE OF HYDROGEN DIFFUSION IN Nb.
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Theoretical Division and Physics Division
1.0 Alamus Natioma! Laboratory*
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ABSTRACT

We have generalized simplified small polaron mod:ls for the
tunneling of interstitials in sclids to include interactions
between the diffusing narticles. This is applied to the calcula-
tion of the average hopping rate of hydrogen in Niobium as a
function of hydrogen concentration for small concentrations, i.e.
for an H/Nb ratio (c¢) of .06 or less. The hopping of a single N
under the influence of pearby, stationary H's was treated. The
interactions between interstitials include a hard-core repulsion
and a lattice-mediated strain interaction. The tunneling transfer
inltegral was taken to depend op the displacements of nearby Nb
atems. Only tunneling via the ground vibrational level of the
interstitiale was treated. For ¢ < .06, the calculated increase
in the hopping activation ecnergy as a function of ¢ was linear iu
c and comparable in magnitude with the experimental increase,

Our simplilied=-model resulta show that the strain interaction
between H's in Ab is important for their diffusion and that this
interaction needs to be included in whatever more elaborate
dittusion models are developed,

INTRODUCT TON

For several years,! it ha been known that pronounced aydrogen
(1) voncentratyon eltects exisy in the room temperature diftusion
of Il interstititals i Nb.  No detailed theoretical analysais of
Buch ettects has yet been made, to our knowledge. However, tor
the dilute-H case, a recently proposed modified small polaron
tunnel ing model ,? appears to be a nromising candidate for the
diftusion mechamism, and s0 it wouald he of interest to generalize
this model to indlude diffusion concentration effects.  The



purpose of this paper is to so generalize az simplified version of
the proposed model for low concentrations, i.e., c(H/Nb ratio)

< .06. Our simplified model includes defect-lattice coupling
linear in Nb displacements, and tunneling between the ground
vibrational levels of the H. The effects on the motion of a
given H due to the strain fields of nearby H's will be included.
Both changes in the transfer integral and the difference in
initial und final defect energies caused by these strains will be
includea. Our calculations do not include all thc modification
of Ref. 2, in particular, no tunneling between the excited vibia-
tional states of the H is included. However, vur simplified
model can account for a major part of the obrerved increase in
the activation energy with higher H concentrations. Hence, the
strain field effects are sufficiently important to require inclu-
sion in whatever more complete models are proposed. This is the
main conclusion of tais paper.

The increase in activatior encrgy arises in part because the
strain interaction between H's is attractive and stronger at
close range (causing H-clustering) and in part because the hard
cores of nearby H's have a blocking effect on the motion of a
given H. In the former =ffect, due to tne clustering and blocking
an H must, on the average, move away from a nearby H to a site of
higher interaction energy. The blocking raises the effective or
average activation eneryv because the hlocking becomes less
pronounced at higher temperatures where the clustering is reduced
and this behavior is consistent with an average activation energy
increase.

An additional eftect cancelled part of the above-mentioned
increase in activation energy, but did not dominace it. We
assumed that the transfer integral between two H-sites is increased
by an expausion of the lattice about these sites, i.e., a "non-
Cundon effect " and that a sufficiently large expansion is necessary
betore hopping occurs., This has the result that the strain
fields of the other H's near the two gites reduce the activation
energy. This is so because the nearby H's will, roughly speaking
already dilate the lattice near the tuo sites in question and
bring the cystem cloner to the hopping condition to begin with.

IT. Nb Il(_ SYSTEM MODEL AND HOPVING RATE FORMULA

Central to our model for the N H o system is the assumption
that, since the H's arve lighter and taster than the Nb atoms,
they entablish quantum vibrational states that adiabatically
follow the Nb atomic motions. We further assume, in light of
supporting exper.mental evidence, that the I's vibrate in local
modes.  The il's turael sufficiently seldom thet this i a good
approximation. Thus, for the situation i(n between hops, one can
treat the Nb Jattaice gquasisntatically and detine an adiabatic
potential energy (APE) tor the Nb H( system in which the Nb



atoms' kinetic energy is neglected but in which the H's are taken
to be in their quantum mechanical ground vibrational states. We
approximate the adiabatic potential by expanding it in & Tyalor
series in the Nb displacments and keeping terms linear and quad-
ratic in the displacements. The linear term has the significance
of constant, H-induced forces on the Nb atoms while the quadratic
term is the lattice harmonic potential en=rgy. We take the
latter to be that of the infinite, pure Nb host lattice. We
assume the same model for the linear term as Horner and Wagner,3
i.e., each H induces constant, equal longitudinal forces on iis
N> second nearest neighbors equal in magnitude to .23 of that »f
equal, longituainal forces on the nearest Nb neighbors. The
magnitudes are fixed using the observed, macroscopic H-induced
volume expansion of the lattice, which is caused by the longitu-
dinal forces. A direct hard-core interaction U,. between H's at
sites i and j is assumed that exludes the occup% ion of up to the
third nearrest-neighbors of the interstitial lattice. This and
the longitudinal force mode! were used by Hornecs and Wagner” to
model the a-a' phase transition in Nb H_ . The H-1nduced forces
cause interactions among different A's fo arise as tie strain
field of one H does work against the longitudinal forces induced
by another. The energy of interaction, £.., betwecen two H's at
sites i and j, plays a central role in out’formalism later on.
For values, we will use thosc calculated by Horner and Wagner,3
using a2 Born von Karman model for the Nb lattice, but we will
aveiage those involving the same i-j scparation to obtain ¢, .
dependent only on the separation. For two H's lying zero Lﬁ#ough
twelve n.n. shells apoart, we use the following averaged values
(the zeroth shell corresponds to the selt encrgy) =4174, -2907,
~1967, =128, =589, =426, -212, BG, 97, 500, 314, =110, and -10.

To deseribe the tunneiing process, the occurrence probabilaty
approximatjon of Holstein® is used in which the lattice is treated
classically and quasistativally. Within this approximation, an H
vibrates rapidly in a well of the quasistatically moving lattice
until a thermal fluctuation induces a quasistatic lattice distor-
tion such that the zystem's totul adiabatic energy would be
unchanged if the I were moved to the vacant tinal site. For cach
such "coinvidence event " th~ il hay a cevtarn probalnlity of
tunneling to the potential final site.  The adisbhatae potentijal
energy i rease involved din this lattice listortion coustitutes
the activataion energy (AE) appropriace to the gaiven H=contiguratijon
Aand the given Jaltice distortion I[f a hard core s blocihang the
hop, the AE 1s intimte and the hop dorsn’t occur, o the simplest
polaron models, the average AE, 1.0, the result after “he rate
is averaged over all possible coincidence events, is erqual to the
lowest possible coincidence-event AK.  In our model, we take not
the coindidence event, of lowest encsrgy, but we assume that a
dilation in additioa to that of the lowest-lying coincidence
event is necessary to suftictently increase the tranafer integral
to make 4 hop possible.  Thi: additional dilation, lattice a-tiva-



ion, or higher-lying coincidence event requires an additional
. 'iabatic potential energy increase beyond that of the lowest
pu:sible, which means a larger average activation energy.

We will average over all dilations beyond a certain higher-
lying threshold Adilation, wkich we now describe. It will involve
equal dilations about the iniciai and final H-sites, the dilation
about each site having equal n.n. Nb and equal second n.n. Nb
longitudinal displacements in the same proportion as the forces
of the T This plausible sssumption allows the €. . to be used
in the fdTmalism to also describe the dilation. ThéJoverall
magnitude of the dilation necessary is determined from the dilute-H
case by taking the additional activation energy of lattice activa-
tion to be the experimental dilute-H AE (106 meV for T > 290K)
minus the calculated minimum AE, e _, which equals~(¢ 7€ /4 for
a hop between sites J and X. When®other nearby, static H's ars
present, they will cause the extra dilation needed for the hop of
a given H to be partially present initially before any thermal
fluctuations. We assume that the transfer integral is suffi-
ciently large during a coincidence event that the probability of
a8 hop during a ccincidence event is unity. This is the so-called
adiabatic hopping rexime.? We also assume that all memory of
previous hops is lecrt before another occurs.

We now briefly describe how our hopping rate formula is
derived and thren write it. We first found the hopping rate for a
given initial H-configuration and given higher-lying coinciden-e
event and then integrated the result over all higher-lying events
followed by an average over initial H-configurations. The rate
ior g given event has a prefactor, w, independent of ¢, but with

dependence. This can be established by working through the
cnnnt:dvn(n event formalism in Appendix I1 of Ref. 4, with W_ set
to | (adiabatic hopping) and with the additional dilation cofidi -
tion added. The AE of the given higher-lying event is obtained
by setting the prehop and posthop APE's equal to optain one
condition and then by minimizing the prehop APE subject to this
and the condition that the extra dilation be a certgin amount.
After making use of the approximation erici{x) 2 (xn?) exp(-x~)
in the integration (which jpe numer ically 9lu)howl to he valid in
our case) we obtain for W ({u’ I) the rate for an interscatial
n.n. hnp from site J to site K Hnlh initial H-contipurat ion [nl

KAndh = wienpt=1(E"=E") fave 177 (e kT) - B2rkri/H

whrie Eh d|d E" nrv lhc pre- nnd posfhop APE's respectively, anid
B i (Ab )n /l! l .I’. A s the additironal AE
in the dllulv-d (1-v u(\csulr\ lnl the additional transfer-integral-
fincreasing dilation and th rest of B involves the static ﬁlrjlnn

that initially provide part of the additionat dilation. E'-5L

con be wratt~n -2 ’,(l _';|K"jiJ-l||K)'I?' The torm of th  exponeat



above clearly shows that the initial stgaigs modify the lowest-
lying-event activation energy through E -E".

The rate WJK should be averaged over the initial H-configura-
tions. Ve approximateﬂthe probabiliiy of occuprence of a given
H-configuration as M P (n)), i.e., PJ(l) and P(0), the prehop
probabilities of a s agiclﬂ being or not being at,site £ rlepend
only on the H (aboutzto hop) at site J. We set PJ(l) o (c/6)
eip(-Y 2/ET)/D and P](O) to (1-c/6)/D, where Y ' £J£+UJ and
P.(1) 1 PJ(O) equjks‘l. We made the additiona{ approxima%ion in
the expeonent of of keeping only terms linear in the n3.
Similarly, we expanded the denominator in a Taylor series and
kept only linear-in-n, terms. In our nume:ical calculations, we
estimaced the above approximations to be good for c < .06, when
1% or less of the available igferstitial sites are occupied. We
also estimated the error in due to using €.. values for only
twelve n.n. shells (setting the rzst to zerc) td be 10%. To do
this the twelve €.. valuec were extrapolated to larger distances
using a modified bébye model for the phonons.

We consider only the c-ﬂependent part of the hopping rate,
Z , defined by In Z_ = ln<hﬁ >-1n(w') + (e +Aeh)/kT. We fitted

ofir calculated 1n Z as 2 function of T byoleast squares to the
formula lnf ¥ AE/kT? where AF is a c-dependent change in tke
effective or ave:age AE and f is a multiplicative factor describing
how the effective prefactor changes with c. The calculated 1nZ
fitted this {orm fairly well over the limited T range involved in
both the culculation and in_tle data of Fig. 1, i.e. 400-600K.

Had we put subtracted the %"-dep¢ndent w' out of in Z,, it

would have dropped out anyway. AE and f are plotted in Fig. 1.

DISCUSSIONS AND CONCLUSIOMNS

Fig. 1 shows that our hopping model predicts an increase in
the activation cuergy with ¢, as observed experimentally. For
¢ € .06, where our approximations are valid, the increases in
activation encrgy AF, predicted by our model is roughly comparable
with the exprrimenval increase. The linear extrapolation of the
calculated AE to higher ¢, yields AE values also roughly conpar-
able to the experimeutial ones. We conclude that, the effect of
the JI-H strain interaction on the ditfusion rate is sufficiently
strong that it needs vo be included in any more realistic mode]
for the H-concentration effect on B diffusion in No.

Yor ¢ < .06, our cilculated prefactor multipliers f were not
incompatible with the experimentally determined {. However, the
linear extrapolation to higher c© ot the calculated f did not fit
the data at all. These discrepancies could he due to the crude
assumplions made concerning the transfer integral dependence on
lattice displacements, i.e., the sudden turn-on tor the threshold



coincidence event, and the assumption that adiabatic hopping
obtained during a coincideace event.
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Fig. 1. The X's and error bars give experimental values for

AE, and for f. The squarcs, clrcles, and triangles

glve our calcalated values for an Interscleial non.

hep, a 2nd n.n. hop, aud a Ird n.n. hep, respectively,
The latter two are not discussed (o the text, MIW [ndi-
cates that our averaged vilves were uned,
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